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The objective of this study is to describe incidence and shifts of serotype and clonal distribu-
tion of invasive Streptococcus pneumoniae strains in four different age groups (<5 years,
5–17 years, 18–64 years and >65 years) during a period of intermediate PCV13 vaccination
coverage (2011–2016) in Catalonia, Spain.
Methods
We included all pneumococcal strains systematically sent to the Catalan support laboratory
for molecular surveillance of invasive pneumococcal disease (IPD) located at Hospital Sant
Joan de Deu, Barcelona. Two study periods were considered: 2011–13, early PCV13 vacci-
nation period (EVP) and 2014–2016, late vaccination period (LVP).
Results
A total of 2142 strains were included in the study. Five years after intermediate introduction
of PCV13 in our population, a significant decrease of overall incidence of IPD in children <5
years was observed (incidence rate ratio 0.5, 95% confidence interval 0.4–0.8). However, in
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seniors older than 65 years, a significant increase of overall incidence of IPD was observed
(IRR 1.4, 95% CI 1.1–1.7). The contribution of PCV13 vaccine serotypes to IPD declined
significantly in all age groups: from 59% to 38.1% in <5 years; 82.7% to 59% in 5–17 years,
47.8% to 34.1% in 18–64 years and 48.2% to 37% in >65 years. Results found when com-
paring both periods were consistent with IRRs observed year by year. In children <5 years,
the three major serotypes detected were 1, 24F and 19A in EVP vs 24F, 14 and 10A in LVP.
Among patients 5–17 years the first three serotypes were 1, 12F and 14 both in EVP and
LVP. Among adults 18–64, the three major serotypes detected were 1, 12F and 8 vs 8, 12F
and 3, respectively. Finally, in patients >65 years the most frequently isolated serotypes
were 3, 19A and 7F vs 3, 14 and 12F, respectively. Regarding clonal complexes (CCs)
expressing mainly PCV13 serotypes, significant decreases of the proportions of CC306,
CC191 and CC320 were observed, while CC156 showed a significant increase. As for CCs
expressing mostly non-PCV13 serotypes, significant increases in ST989, CC53 and CC404
were showed.
Conclusions
Despite low vaccine coverage in our setting a significant decrease of incidence of IPD was
observed in children younger than 5 years. The modest indirect protection against vaccine
serotypes causing IPD in elderly indicate the need for the inclusion of more serotypes in
future high-valent PCV and vaccinating old adults should be considered.
Introduction
Streptococcus pneumoniae is a commensal microorganism of the human nasopharynx [1] but
is also responsible for significant morbidity and mortality worldwide especially affecting chil-
dren under 5 years and adults over 65. Many of these deaths could be prevented by vaccina-
tion. The most severe form is the invasive pneumococcal disease (IPD), which includes
pneumonia, meningitis and septicemia [2]. There are more than 95 different serotypes of S.
pneumoniae [3], several of them causing invasive disease. In 2000, a protein-polysaccharide
conjugate vaccine against seven serotypes (PCV7) was licensed in the USA. PCV7 was intro-
duced in Spain in 2001. Due to an increasing relevance of non-vaccine serotypes new vaccines
were developed [4]; PCV10 (PCV7 plus 1, 5 and 7F), and PCV13 (PCV10 plus 3, 6A and 19A).
PCV10 and PCV13 were introduced in Spain in 2010. However, PCV13 was mainly used in
children younger than 5 years with less than 5% of PCV10 used [5]. Because pneumococcal
vaccines were not subsidized by the Public Health Service in Catalonia until 2016 (except for
children with risk factors), PCV13 coverage among under 5 year children in Catalonia was
estimated at 55% in 2012–2013 [5], 63.6% in 2012–2016 [6] and 78% in 2015 [7]. Vaccination
against pneumococcal disease with PCV13 follows the 3+1 schedule in Catalonia, correspond-
ing to 3 doses in the first 6 months of life (at 2, 4 and 6 months old) followed by a booster dose
at 12 to 15 months old.
PCV13 proved effective in preventing pediatric pneumococcal disease and in decreasing
nasopharyngeal carriage of the vaccine serotypes [6, 8–13] as did PCV7 before it [14–17]. Vac-
cinating children with PCV13 also prevents IPD in adult patients and non-vaccinated children
through indirect effects (herd immunity) by interrupting transmission of S. pneumoniae [6, 8–
13]. Despite this success, concerns about impact on overall IPD incidence remain. Concretely,
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despite PCV13 introduction, vaccine failure against serotype 3 [6, 11, 13, 18, 19] and a rise of
serotype 19A [20–21] have been observed. Moreover, the emergence of pediatric and adult
IPD caused by non-vaccine serotypes is still a major challenge in order to overcome the bur-
den of disease [22–23], and warrants a continuous molecular surveillance enabling an early
assessment of candidate serotypes to be prioritized in future PCVs.
Pneumococcal surveillance should not be limited to characterizing serotypes because we
can miss important population shifts at the genetic level. Describing the dynamics of clonal
types is essential to fully understand the potential and ability of pneumococcus to elude vac-
cine pressure.
The objective of this study was to characterize the dynamics of serotypes distribution and
clonal composition of S. pneumoniae isolates causing IPD in four different age groups (<5
years, 5–17 years, 18–64 years and>65 years) during a period of intermediate PCV13 vaccina-
tion coverage (2011–2016) in Catalonia, Spain.
Materials and methods
Study setting and design
We conducted a prospective study which included pneumococcal invasive isolates received at
the University Hospital Sant Joan de Deu Barcelona between 2011 and 2016. In 2009, the
Molecular Microbiology Laboratory was designated by the government of Catalonia, Spain, as
reference laboratory for molecular surveillance of IPD. Catalan Hospitals are invited, not
forced, to send invasive pneumococcal strains. Among them, there were 23 that systematically
sent isolates to the reference laboratory. They are committed to this task as members of Cata-
lan Study Group of Invasive Pneumococcal Disease. In this study, we only considered those 23
that systematically sent samples during the study period.
In Catalonia, with a population of 7.5 million estimated for 2016, the catchment population
of the health facilities included in the study captured 44% of the Catalan population and, spe-
cifically, 67% of children younger than 5 years. These proportions were estimated using public
records for each hospital, where age dependent patient’s admissions data was registered (“Con-
junt minim basic de dades”, www.catsalut.gencat.cat). We then applied these proportions to
the total population and the population by age according to municipal registries that are
updated yearly (“Padró municipal d’habitants”, www.idescat.cat).
Comparing the first year of the study (2011) vs the last one (2016), the reference population
of the 23 health facilities varied between 256.965 and 231.925 children younger than 5 years,
551.803 and 526.256 old children between 5–17 years, 1.669.954 and 1.632.967 adults from 18–
64 years and 422.498 and 458.573 seniors older than 65 years.
Ethics statement
This study was approved by the ethics committee of Hospital Sant Joan de Déu (CEIm Funda-
ció Sant Joan de Déu; Internal code: PIC-101-19. Written consent) on data protection and law
14/2007, on July 3rd, on Biomedical Research.
For the present study, no informed consent was requested as this is a molecular epidemiol-
ogy surveillance-based study in which samples were duly anonymized.
Definitions
IPD was defined as the presence of clinical findings of infection confirmed by isolation of S.
pneumoniae by culture in any sterile fluid. IPD was classified according to International Classi-
fication of Disease (ICD-10), specific for diseases caused by S. pneumoniae including occult
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bacteraemia/sepsis, meningitis, pneumonia, parapneumonic empyema, peritonitis and
arthritis.
We stratified the study population in four age groups: younger children less than 5 years of
age; older children between 5–17 years; adults aged 18–64 years; and seniors older than 65
years.
Microbiological identification and serotyping
Isolates were identified in the different health facilities by standard microbiological techniques
that included Gram staining, optochin sensitivity test and bile solubility test. After this pre-
sumptive identification, strains were delivered to the Molecular Microbiology Department of
the University Hospital Sant Joan de Deu. On arrival at the laboratory, identification of capsu-
lar pneumococcal serotypes was performed using multiplex PCR combined with fragment
analysis and automated fluorescent capillary electrophoresis. This technique has been used
since 2010 and allows the detection of 40 serotypes/serogroups: (1, 2, 3, 4, 5, 6A/6B, 6C, 7F/7A,
7C/(7B/40), 8, 9V/9A, 9N/9L, 10A, 10F/(10C/33C), 11A/11D/11F, 12F/(12A/44/46), 13, 14,
15A/15F, 15B/15C, 16F, 17F, 18/(18A/18B/18C/18F), 19A, 19F, 20, 21, 22F/22A, 23A, 23B,
23F, 24/(24A/24B/24F), 31, 33F/(33A/37), 34, 35A/(35C/42), 35B, 35F/47F, 38/25F and 39)
[24]. All strains were also sent to the National Pneumococcus Reference Center of Majada-
honda, Madrid, Spain, to complete serotyping by Quellung reaction.
Clonal analysis
Clonal analysis was performed with multilocus sequence typing (MLST). MLST was per-
formed as reported elsewhere [25]. The assignment of alleles and sequence types (ST) was car-
ried out using the software at the web site http://pubmlst.org/spneumoniae/. Analysis of ST
and assignment to clonal complexes (CCs) were performed with the eBURST program. STs
that shared six out of seven allelic variants (single locus variants) and five out of seven allelic
variants (double locus variants) were considered a CC.
Statistical analysis
We used Chi-square or Fisher’s exact tests to compare proportions. Incidence rates of IPD
were calculated assuming constant population during a given year. We divided the study
period in two categories: early vaccine period (EVP) spanning from 2011 to 2013, and late vac-
cine period (LVP) from 2014 to 2016 for analysing changes in specific serotypes and clones.
Cumulative incidences were compared using the Chi-square test with the rate ratio. Incidence
rate ratios (IRRs) were estimated by dividing observed over expected rates in 2011 and calcu-
lated for each age-serotype group. Year 1 to 5 represents years encompassed from 2012 to
2016. We calculated 95% confidence intervals (CI) and 2-sided p-values < 0.05 were consid-
ered to be statistically significant. Statistical analyses were performed using SPSS for Windows,
version 17.0 (SPSS).
Results
A total of 2142 episodes of IPD, occurred in 2085 patients, with serotype and clonal data were
included during the study period (2011–2016). Over half of the episodes occurred in males
(1246; 58.2%). The median age of the patients was 60.9 (IQR = 41.8) years (range 1 day—104
years old). Three hundred fifty seven (16.7%) of the strains were isolated in younger than 5
years, 91 (4.25%) in 5–17 years, 768 (35.85%) in 18–64 years, and 926 (43.2%) in older than 65
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years. Most cultures were performed in blood (1912; 89%), followed by cerebrospinal fluid
(108; 5%), and pleural fluid (93; 4%).
Proportion and incidence rates of IPD episodes in early and late vaccine period
Five years after intermediate introduction of PCV13 in our population (Fig 1), a significant
decrease of overall incidence of IPD in children <5 years was observed (IRR 0.5, 95% CI 0.4–
0.8). However, in seniors older than 65 years, a significant increase of overall incidence of IPD
was observed (IRR 1.4, 95% CI 1.1–1.7). Overall IRRs were calculated comparing incidence
rate in 2016 to 2011. Comparing EVP and LVP, the highest IPD incidence was among elderly,
and the lowest among 5–17 age group (Table 1).
The incidence of IPD caused by serotypes included in PCV13 decreased significantly
among young children (RR 0.48; 95% CI 0.35–0.66), older children (RR 0.53; 95% CI 0.32–
0.88) and adults aged 18–64 (RR 0.73; 95% CI 0.58–0.91). No significant variations in IPD inci-
dence rates caused by vaccine serotypes were showed in seniors older than 65 years.
Fig 1. Post-PCV13 introduction invasive pneumococcal disease IRRs. Data are pooled IRRs. IRRs were estimated by comparing observed incidence (in each of the
years 2012 to 2016) to expected (incidence in 2011) for each age-serotype group. 95% CIs presented on a logarithmic scale by error bars. Year 1 to 5 represents years
encompassed from 2012 to 2016.
https://doi.org/10.1371/journal.pone.0228612.g001
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Conversely, a significant incidence increase of non-PCV13 serotypes was only detected in
adults (RR 1.28; 95% CI 1.07–1.55) and seniors (RR 1.44; 95% CI 1.21–1.71). Both in young
and older children, non-significant variations between EVP and LVP were observed. Results
found when comparing both periods of three years each were consistent with IRRs observed
year by year, as shown Fig 1.
Serotype distribution and incidence rates of invasive serotypes in EVP and
LVP
We identified a total of 53 different serotypes causing IPD. The proportion of IPD episodes
attributable to serotypes included in PCV13 dropped significantly in young children where
PCV13 serotypes accounted for 59% of the IPD episodes in the EVP, and only 38% in the LVP
(p<0.001). Three out of the five vaccine serotype pneumococcus that were more frequently
isolated during EVP showed a significant decreased incidence in LVP (serotypes 1, 19A, 7F;
Fig 2). Incidence of serotype 3 did not change, and serotype 14 was significantly more frequent
in LVP. The incidence of non-vaccine serotypes increased during the study period, with 12F
and 8 being the most emergent.
Serotype distribution varied substantially between age-groups, particularly concerning the
non-PCV13 serotypes. In young children the most frequent serotypes in LVP were 24F, 10A
and 23B, none of them with significant incidence variations. In older children, serotype 12F
was the most frequent in EVP and also in LVP, with non-significant incidence variation. In
adults aged 18–64, serotypes 8 and 12F were the most frequent both in EVP and LVP, showing
a significant increase in incidence and clearly standing out as the dominant non-vaccine sero-
types. Similarly, in seniors older than 65 serotypes 8 and 12F were the most frequent in LVP,
but only serotype 8 showed a significant increased incidence. Incidence was more evenly dis-
tributed between different serotypes, with the top ten showing increased incidences, particu-
larly serotypes 35B, 33F, and 38.
Overall, the incidence of five of the PCV13 serotypes significantly decreased during the
study period, particularly serotype 1, 7F, and 19A, with serotype 5 disappearing during LVP.
Table 1. Proportion and incidence rates of IPD episodes in EVP and LVP.
Age groups EVP (%) LVP (%) p-value EVP (IR�) LVP (IR) IRR (CI 95%) p-value

















>65 415 (39.00) 511 (47.40) - 32.48 38.46 1.18 (1.04–1.35) 0.010
IPD caused by PCV13 serotypes

















>65 200 (48.19) 189 (36.99) <0.001 15.65 14.22 0.91 (0.74–1.11) 0.345
IPD caused by non-PCV13 serotypes

















>65 215 (51.81) 322 (63.01) <0.001 16.83 24.23 1.44 (1.21–1.71) <0.001
IPD, Invasive pneumococcal disease; EVP, Early vaccine period; LVP, Late vaccine period; IR, Incidence rate per 100.000 person-year; IRR, Incidence rate ratio, CI,
Confidence interval.
�Incidence: episodes per 100.000 person-year living in the reference area of 23 hospitals according to data from “Catalonian Institute of Statistics” (www.idescat.net).
https://doi.org/10.1371/journal.pone.0228612.t001
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These general trends in PCV13 serotypes’ incidence were quite similar by age-group with
certain differences in predominant serotypes. The incidence of serotype 3 substantially
decreased among young children (from 1.72 to 0.70 cases per 100.000 person-years, p = 0.084),
making serotype 14 the outstanding leader in IPD caused by PCV13 serotypes. Among 5–17
years group, despite its significant incidence decrease (from 2.07 to 0.65 cases per 100.000 per-
son-years, p<0.001), serotype 1 remained a frequently isolated PCV13 serotype in IPD cases
together with serotype 14. In adults group aged 18–64, serotype 1 remained as the main
PCV13 serotype causing IPD in EVP (from 0.87 to 0.49 cases per 100.000 person-years,
p = 0.02) followed by serotype 3 with non-significant incidence changes. The particularity in
older than 65 years is that the most frequent serotypes causing IPD in LVP remain PCV13
serotypes, namely serotypes 3 and 14, while in the other age-groups there was a consistent
increase of non-vaccine PCV13 serotypes as the top serotypes causing IPD. Fig 3 shows IPD
rates for each of four age groups by serotype group.
Clonal distribution of isolates
Among the 2142 IPD isolates a total of 307 different sequence type (ST) were identified (Fig 4).
Around 60% of the ST were grouped in CCs (i.e., ST sharing at least five out of seven allelic
variants), with 188 ST accounting for 1,658 isolates (77.4%) being grouped in over 35 different
CC. The remaining 119 ST, accounting for 484 isolates (22.6%), were considered singletons.
Most of the STs expressed almost exclusively one serotype. Among the most frequently iso-
lated ST or CCs, for example, CC180 was strongly associated with serotype 3 (117 isolates;
99.2%), CC260 also with serotype 3 (70 isolates; 100%), ST989 with serotype 12F (175; 99.4%),
and CC53 with serotype 8 (98; 99%). Other CCs displayed a more variable serotype expression,
such as CC156 or CC63 expressing up to five different serotypes, and CC230, particularly dur-
ing the early vaccine period (Table 2).
As serotypes were frequently correlated to CCs, the evolution of CCs usually parallels sero-
type variation over time. We observed statistically significant decreases of the proportions of
CC306, CC191 and CC320, related respectively to PCV13 serotypes 1, 7F and 19A. CC156,
related to serotype 14, showed a significant increase, while CC180 and CC260, both related to
serotype 3, did not show a significant change between EVP and LVP. When we looked at the
CCs expressing mostly non-PCV13 serotypes, we observed significant increases in ST989,
which was related mostly to serotype 12F, CC53 and CC404 which were both related in almost
all cases to serotype 8 (Table 2).
Differences in clonal distribution by age-group were detected. In younger than 5 years,
CC306, CC230 and CC156 were the most frequent CCs in EVP vs CC230, CC156 and CC97 in
LVP. In children 5–17, the main clone standing out as the leader in EVP clearly was CC306 fol-
lowed by ST989 and CC230 vs CC306, CC156 and ST989. In adults 18–64 the three major
clones were CC306, ST989 and CC191 vs ST989, CC53 and CC56. Finally in seniors older than
65, CC180 and CC156 remained as the two main clones both in EVP and LVP apart from
CC191 in EVP and ST898 in LVP.
Indication of capsular switching, i.e., a significant change of serotype expression by a CC,
was observed in CC230 and CC1201, expressing both the vaccine serotype 19A, and also the
non-vaccine serotypes 24F and 7C, respectively. In both cases, the expression of the vaccine
Fig 2. Serotype distribution and incidence rate/100.000 person-years of invasive serotypes during the study period. EVP, early
vaccine period; LVP, late vaccine period; NT, non-typable. Filled bars depict EVP, while stripped ones LVP.� p<0.05 (Chi-square test).
Despite in the text below we explain serotype distribution results by four age groups, because older children between 5–17 years are the
smallest age group (it only includes 91 out of total 2142 IPD episodes), in Fig 2 patients aged from 5 to 65 years have been grouped.
Hence, in this figure there are depicted three age groups instead of four.
https://doi.org/10.1371/journal.pone.0228612.g002
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serotype decreased during the study period while the proportion of non-vaccine serotypes
increased. In addition, we have observed the emergence of ST6521, a double locus variant of
ST156, expressing serotype 11A as a potential capsular switching involving ST156.
Discussion
In this study we have analysed the serotype distribution, incidence and clonal composition of
invasive pneumococcal strains after PCV13 introduction in 23 sites in Catalonia. Despite inter-
mediate vaccination uptake of PCV13 in our region, a significant decrease in PCV13 IPD was
observed in young children, 5–17 years group and adults aged 18–64 showing an important
overall and indirect effect of this uncomplete childhood vaccination coverage. A significant
decrease in high invasive disease potential serotypes, such as serotypes 1, 5, 7F or 19A [26]
Fig 3. IPD rates for each of four age groups by serotype group.
https://doi.org/10.1371/journal.pone.0228612.g003
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associated in the past with important burden of disease in our country [27], supports a benefi-
cial effect of vaccination. A decline of these invasive serotypes owed to PCV13 vaccination has
been reported worldwide by other authors [28–30].
Worryingly, we observed persistence of two PCV13 serotypes, namely serotype 14, which
remains the second main serotype causing IPD in children younger than 5 years, and serotype
3, particularly frequent in older than 65. The persistence of these serotypes is related to two
major sequence types: the antimicrobial multiresistant clone ST156 expressing serotype 14 and
ST180 expressing serotype 3. The reasons why serotype 14 declined in PCV7 period and per-
sisted in PCV13 period are not well known [31]. It would be important to monitor the evolu-
tion of this serotype after systematic introduction of PCV13 vaccine. Despite a decreasing
trend of serotype 3 in young children, the incidence of this serotype remained unchanged
overall. This serotype has been associated with PCV13 vaccine failures in Spain and Portugal
[5]. Specific characteristics related to the synthesis of capsular type 3 polysaccharide and the
notable thickness of the capsule produced by serotype 3 strains [32,33] could explain the lower
protection of PCV13 vaccine against this serotype compared to other vaccine serotypes
[33,34].
With respect to all-type IPD, a significant decline was only observed in the group of chil-
dren younger than 5 year, while in elderly there was a significantly higher IPD incidence, due
to more frequent non-vaccine IPD and a modest decline in PCV13 IPD. These general trends
are widely observed in studies from different settings: serotypes included in the vaccine tend to
decrease in all age groups, while serotypes not included in the vaccine tend to increase in all
age groups, both in proportion and in incidence. The effect on all-type IPD incidence is consis-
tently favourable in children younger than 5 years, but this positive effect decreases with age.
Surveillance studies have shown positive, neutral and non-significant negative effect on all-
Fig 4. eBURST map of clonal complexes (CCs) and singletons found during study period (2011–2016).
https://doi.org/10.1371/journal.pone.0228612.g004
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type IPD incidence in older adults [35, 36]. The reason of these differences could be related to
the valence of the vaccine included in the schedule, to the different contact patterns between
young children and elderly, or the limited vaccination coverage.
Table 2. Clonal complexes (CCs) and singletons with>40 isolates throughout the study period (2011–2016) and their expressed serotypes.





ST89 69 (6.5%) 107 (9.9%) 0.004
12F 68 (98.6) 107 (100)
8 1 (1.4%) 0
CC156 69 (6.5%) 106 (9.8%) 0.005
14 53 (76.8) 85 (80.2)
11A 7 (10.1) 14 (13.2)
9V 7 (10.1) 6 (5.7)
19A 1 (1.4) 1 (0.9)
24F 1 (1.4) 0
CC180 56 (5.3%) 62 (5.8%) 0.622
3 55 (98.2) 62 (100)
19F 1 (1.8) 0
CC53 39 (3.7) 61 (5.7) 0.029
8 37 (94.9) 61 (100)
13 1 (2.6) 0
11C 1 (2.6) 0
CC230 54 (5.1%) 50 (4.6%) 0.640
24B/F 47 (87.1) 49 (98.0)
19A 7 (13.0) 1 (2.0)
CC306 116 (10.9%) 47 (4.4%) <0.001
1 115 (99.1) 44 (93.6)
NT 1 (0.9) 3 (6.4)
CC404 16 (1.5%) 43 (4.0%) <0.001
8 16 (100) 43 (100)
CC433 46 (4.3%) 37 (3.4%) 0.288
22F 46 (100) 37 (100)
CC260 36 (3.4%) 34 (3.2%) 0.767
3 36 (100) 34 (100)
CC63 21 (2.0%) 27 (2.5%) 0.412
15A/B/F 16 (76.2) 23 (85.2)
19F 2 (9.5) 2 (7.4)
14 2 (9.5) 1 (3.7)
19A 1 (4.8) 0
23B 0 1 (3.7)
CC191 69 (6.5%) 20 (1.9%) <0.001
7F 69 (100) 20 (100)
CC320 36 (3.4%) 14 (1.3%) 0.001
19A 36 (100) 14 (100)
CC, clonal complex (eBURST); ST, Sequence type; EVP, Early vaccine period; LVP, Late vaccine period. In Italics there are depicted those serotypes included in PCV13.
p-value, clone proportion compared with the total number of episodes registered in EVP (1064) and LVP (1078). %, serotype proportion compared with the number of
clones in each study period.
https://doi.org/10.1371/journal.pone.0228612.t002
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Interestingly, we have observed a significant increase of non-PCV13 serotypes in adults and
seniors but it was not observed in pediatric population. This situation is similar to that
reported in England and Wales [37], where IPD incidence in children younger than 5 years
remained stable during the first four years after PCV13 introduction. However significant
serotype replacement phenomenon was reported in adults. Differences in the distribution of
major serotypes by age in the pre-vaccine period could be related with this fact. In Table 1 and
Fig 2 it can be observed that non-PCV13 serotypes comprise over half of the adult population
whilst in the pediatric population the main leaders are the PCV13 serotypes.
Nowadays, the major serotypes causing IPD are the nonPCV13 serotypes 12F and 8. These
serotypes are well recognized for their high invasive disease potential [38]. In our study, the
emergence of hypervirulent serotypes 12F and 8 was correlated to the significant increase of
three major clones ST989, CC404 and CC53. In LVP all ST989 strains expressed serotype 12F,
while all CC404 and CC53 strains expressed serotype 8. These trends have also been described
in other age-specific studies. In England and Wales, a spread of these serotypes has also been
associated with a decrease in vaccination’s benefits [37]. Important outbreaks and emergence
of serotype 12F expressed by different sequence types have been recently reported [39, 40]. In
addition, an increased circulation of CC53 expressing serotype 8 has been reported in Canada
[41], which warrants considering the inclusion these serotypes in new PCV vaccines.
In young children, the major serotype detected is the non PCV13 serotype 24F, which is
also recognized for its high invasiveness potential. Unfortunately, it is not considered to be
included in the new conjugate vaccine PCV15 (PCV13 plus 22F, 33F) and PCV20 (PCV15
plus 8, 10A, 11A, 12F, 15B), currently in development [42, 43]. The increase of serotype 24F in
Catalonia has been associated with the multiresistant CC230 expressing this serotype [44]. Of
note, CC230 was one of the major CC related with the emergence of serotype 19A after intro-
duction of PCV7 in our country [27]. This capsular switching together with the one we
observed with CC1201 highlights the highly adaptive genetics of pneumococcus, which allows
it to spread highly successful clones eluding the preventing action of vaccine.
Noteworthy, the emergence of ST6521, a double locus variant of ST156, is also of concern.
ST6521 has been detected expressing serotype 11A suggesting another capsular switching
involving ST156. ST6521 expressing serotype 11A has been recently reported as an emerging
clone causing otitis media in children of our geographical area [45]. CC156 capsular switching
ability has also been reported in US, associating this clonal type with the emergence of non-
vaccine serotype 35B [46]. It is important to monitor the future spread of isolates belonging to
this serotype because 35B is not included in any of the current conjugate vaccines [47]. We
also observed a non-significant increase in serotype 10A in children younger than 5 years and
elderly. Among cases aged<5 years, serotype 10A was the third most common serotype in the
LVP. Alike serotype 11A, serotype 10A is also included in PCV20.
This study has several limitations. In Catalonia, as invasive pneumococcal strains are sent
on a voluntary basis to the reference laboratory, inconsistencies across years could not be ruled
out resulting in over or underrepresentation of specific calendar years. To avoid this, we have
only included hospitals that have systematically sent their samples. In result, we are confident
of the yearly calendar representation, but on the other hand, our study population does not
comprise the total Catalan population. However, referring to the observed significant drop in
the overall IPD IR, our results show an overall consistency with surveillance data collected dur-
ing a similar study period (2012–2016) in Catalonia [40]. Our study population includes 67%
of Catalan young children and 43% of Catalan people older than 5 years. We avoided over rep-
resenting data from children by presenting results stratified by age. We did not have yearly
data on PCV13 coverage or on 23 valent polysaccharide vaccine (PPSV23) coverage, which
may have played a role in the serotypes and clones distribution dynamics. In 1983, the
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23-valent pneumococcal polysaccharide vaccine (PPSV23) was introduced in the USA. In Cat-
alonia has been recommended for high-risk and older adults since the 2000s, reaching a cover-
age around 60–70% in these persons [48]. However, assuming that PPSV23 coverage was
stable and that PCV13 coverage steadily increased during the study period seems reasonable.
Moreover, additional data like antibiotic use, comorbidities or vaccination status for individual
patients was not requested as well as possible changes in clinical and blood culture practices,
which might have influenced IPD rate in our study. However, guidelines based on clinical sus-
picion of IPD have not substantially changed throughout the study period.
In conclusion, vaccinating children with PCV remains an effective option to prevent paedi-
atric IPD. The persistence of PCV13 serotypes in children and modest indirect protection
against vaccine serotypes causing IPD in adults indicate the importance of increasing coverage
of PCV through systematic vaccination. The inclusion of more serotypes in future high-valent
PCV and vaccinating old adults should be also considered.
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9. Van Der Linden M, Falkenhorst G, Perniciaro S, Imöhl M. Effects of infant pneumococcal conjugate vac-
cination on serotype distribution in invasive pneumococcal disease among children and adults in ger-
many. PLoS One. 2015; 10:e0131494. https://doi.org/10.1371/journal.pone.0131494 PMID: 26132078
10. Moore MR, Link-Gelles R, Schaffner W, Lynfield R, Lexau C, Bennett NM, et al. Effect of use of 13-
valent pneumococcal conjugate vaccine in children on invasive pneumococcal disease in children and
adults in the USA: Analysis of multisite, population-based surveillance. Lancet Infect Dis. 2015; 15:301–
9. https://doi.org/10.1016/S1473-3099(14)71081-3 PMID: 25656600
11. Horacio AN, Silva-Costa C, Lopes JP, Ramirez M, Melo-Cristino J, Vaz T, et al. Serotype 3 remains the
leading cause of invasive pneumococcal disease in adults in portugal (2012–2014) despite continued
reductions in other 13-valent conjugate vaccine serotypes. Front Microbiol. 2016; 7:1616. https://doi.
org/10.3389/fmicb.2016.01616 PMID: 27790208
12. Waight PA, Andrews NJ, Ladhani SN, Sheppard CL, Slack MPE, Miller E. Effect of the 13-valent pneu-
mococcal conjugate vaccine on invasive pneumococcal disease in England and Wales 4 years after its
introduction: An observational cohort study. Lancet Infect Dis. 2015; 15:535–43. https://doi.org/10.
1016/S1473-3099(15)70044-7 PMID: 25801458
13. Dagan R, Patterson S, Juergens C, Greenberg D, Givon-Lavi N, Porat N, et al. Comparative immunoge-
nicity and efficacy of 13-valent and 7-valent pneumococcal conjugate vaccines in reducing nasopharyn-
geal colonization: A randomized double-blind trial. Clin Infect Dis. 2013; 57:952–62. https://doi.org/10.
1093/cid/cit428 PMID: 23804191
14. Pilishvili T, Lexau C, Farley MM, Hadler J, Harrison LH, Bennett NM, et al. Sustained reductions in inva-
sive pneumococcal disease in the era of conjugate vaccine. J Infect Dis. 2009; 201:32–41.
Serotype and clonal distribution of invasive pneumococcal strains after PCV13 introduction in Catalonia
PLOS ONE | https://doi.org/10.1371/journal.pone.0228612 February 6, 2020 14 / 16
15. von Gottberg A, de Gouveia L, Tempia S, Quan V, Meiring S, von Mollendorf C, et al. Effects of vaccina-
tion on invasive pneumococcal disease in South Africa. N Engl J Med. 2014; 371:1889–99. https://doi.
org/10.1056/NEJMoa1401914 PMID: 25386897
16. Ben-Shimol S, Greenberg D, Givon-Lavi N, Elias N, Glikman D, Rubinstein U, et al. Rapid reduction in
invasive pneumococcal disease after introduction of PCV7 into the National Immunization Plan in Israel.
Vaccine. 2012; 30:6600–7. https://doi.org/10.1016/j.vaccine.2012.08.012 PMID: 22939907
17. Miller E, Andrews NJ, Waight PA, Slack MPE, George RC. Herd immunity and serotype replacement 4
years after seven-valent pneumococcal conjugate vaccination in England and Wales: An observational
cohort study. Lancet Infect Dis. 2011; 11:760–8. https://doi.org/10.1016/S1473-3099(11)70090-1
PMID: 21621466
18. Vanderkooi OG, Scheifele DW, Girgenti D, Halperin SA, Patterson SD, Gruber WC, et al. Safety and
immunogenicity of a 13-valent pneumococcal conjugate vaccine in healthy infants and toddlers given
with routine pediatric vaccinations in Canada. Pediatr Infect Dis J. 2012; 31:72–7. https://doi.org/10.
1097/INF.0b013e318233049d PMID: 21960186
19. Martinon-Torres F, Wysocki J, Center KJ, Czajka H, Majda-Stanislawska E, Omeñaca F, et al. Circulat-
ing antibody 1 and 2 years after vaccination with the 13-valent pneumococcal conjugate vaccine in pre-
term compared with term infants. Pediatr Infect Dis J. 2017; 36:326–32. https://doi.org/10.1097/INF.
0000000000001428 PMID: 27902652
20. Fry N, Kapatai G, Sheppard C, Litt D, Collins S, Ladhani S, et al. E. The fall and rise of serotype 19A in
invasive pneumococcal disease: application of whole genome sequencing to investigate the recent rise
in England and Wales. 10th International symposium on pneumococci & pneumococcal diseases;
2016; Glasgow, UK.
21. Corcoran M, Vickers I, Fitzgerald M, Mereckiene J, Murchan S, Cotter S, et al. E. The persistence of
serotype 19A - Despite the introduction of PCV13 vaccine. 10th International symposium on pneumo-
cocci & pneumococcal disease; 2016; Glasgow, UK.
22. Weinberger DM, Malley R, Lipsitch M. Serotype replacement in disease after pneumococcal vaccina-
tion. Lancet. 2011; 378:1962–73. https://doi.org/10.1016/S0140-6736(10)62225-8 PMID: 21492929
23. Feikin DR, Kagucia EW, Loo JD, Link-Gelles R, Puhan MA, Cherian T, et al. Serotype-specific changes
in invasive pneumococcal disease after pneumococcal conjugate vaccine introduction: A pooled analy-
sis of multiple surveillance sites. PLoS Med. 2013; 10:e1001517. https://doi.org/10.1371/journal.pmed.
1001517 PMID: 24086113
24. Ardanuy C, Rolo D, Fenoll A, Tarrago D, Calatayud L, Liñares J. Emergence of a multidrug-resistant
clone (ST320) among invasive serotype 19A pneumococci in Spain. J Antimicrob Chemother. 2009;
64:507–10. https://doi.org/10.1093/jac/dkp210 PMID: 19535383
25. Enright MC, Spratt BG. A multilocus sequence typing scheme for Streptococcus pneumoniae: Identifi-
cation of clones associated with serious invasive disease. Microbiology. 1998; 144:3049–60. https://doi.
org/10.1099/00221287-144-11-3049 PMID: 9846740
26. del Amo E, Brotons P, Monsonis M, Triviño M, Iñigo M, Selva L, et al. High invasiveness of pneumococ-
cal serotypes included in the new generation of conjugate vaccines. Clin Microbiol Infect. 2014; 20:684–
9. https://doi.org/10.1111/1469-0691.12422 PMID: 24467648
27. Munoz-Almagro C, Esteva C, Fernandez de Sevilla M, Selva L, Gene A, Pallares R. Emergence of inva-
sive pneumococcal disease caused by multidrug-resistant serotype 19A among children in Barcelona. J
Infect. 2009; 59:75–82. https://doi.org/10.1016/j.jinf.2009.05.012 PMID: 19576637
28. Moore MR, Link-Gelles R, Schaffner W, Lynfield R, Holtzman C, Harrison LH, et al. Effectiveness of 13-
valent pneumococcal conjugate vaccine for prevention of invasive pneumococcal disease in children in
the USA: a matched case-control study. Lancet Respir Med. 2016; 4:399–406. https://doi.org/10.1016/
S2213-2600(16)00052-7 PMID: 26987984
29. Cohen C, von Mollendorf C, de Gouveia L, Lengana S, Meiring S, Quan V, et al. Effectiveness of the
13-valent pneumococcal conjugate vaccine against invasive pneumococcal disease in South African
children: a case-control study. Lancet Glob Heal. 2017; 5:359–69.
30. Izurieta P, Bahety P, Adegbola R, Clarke C, Hoet B. Public health impact of pneumococcal conjugate
vaccine infant immunization programs: assessment of invasive pneumococcal disease burden and
serotype distribution. Expert Rev Vaccines. 2018; 17:479–93. https://doi.org/10.1080/14760584.2018.
1413354 PMID: 29241390
31. Ciruela P, Izquierdo C, Broner S, Munoz-Almagro C, Hernandez S, Ardanuy C, et al. The changing epi-
demiology of invasive pneumococcal disease after PCV13 vaccination in a country with intermediate
vaccination coverage. Vaccine. 2018; 36:7744–52. https://doi.org/10.1016/j.vaccine.2018.05.026
PMID: 30473132
Serotype and clonal distribution of invasive pneumococcal strains after PCV13 introduction in Catalonia
PLOS ONE | https://doi.org/10.1371/journal.pone.0228612 February 6, 2020 15 / 16
32. Garcia E, Arrecubieta C, Muñoz R, Mollerach M, Lopez R. A functional analysis of the Streptococcus
pneumoniae genes involved in the synthesis of type 1 and type 3 capsular polysaccharides. Microb
Drug Resist. 1997; 3:73–88. https://doi.org/10.1089/mdr.1997.3.73 PMID: 9109098
33. Choi EH, Zhang F, Lu YJ, Malley R. Capsular polysaccharide (CPS) release by serotype 3 pneumococ-
cal strains reduces the protective effect of anti-type 3 CPS antibodies. Clin Vaccine Immunol. 2016;
23:162–7. https://doi.org/10.1128/CVI.00591-15 PMID: 26677201
34. Silvia-Costa C, Brito MJ, Pinho MD, Friães A, Aguiar SI, Ramirez M, et al. Pediatric complicated pneu-
monia caused by Streptococcus pneumoniae serotype 3 in 13-valent pneumococcal conjugate vacci-
nees, Portugal, 2010–2015. Emerg Infect Dis. 2018; 24:1307–14. https://doi.org/10.3201/eid2407.
180029 PMID: 29912700
35. Ciruela P, Izquierdo C, Broner S, Hernandez S, Muñoz-Almagro C, Pallares R, et al. Epidemiology of
invasive pneumococcal disease in Catalonia Report 2012–2016. Agència de Salut Pública de Catalu-
nya; 2018. Available from: http://canalsalut.gencat.cat/web/.content/80_Professionals/Vigilancia_
epidemiologica/documents/arxius/invasive_pneumococcal_2012_2016_ang.pdf
36. Hanquet G, Krizova P, Valentiner-Branth P, Ladhani SN, Nuorti JP, Lepoutre A, et al. Effect of childhood
pneumococcal conjugate vaccination on invasive disease in older adults of 10 European countries:
implications for adult vaccination. Thorax. 2018; 0:1–10.
37. Ladhani SN, Collins S, Djennad A, Sheppard CL, Borrow R, Fry NK, et al. Rapid increase in non-vaccine
serotypes causing invasive pneumococcal disease in England and Wales, 2000–17: a prospective
national observational cohort study. Lancet Infect Dis. 2018; 18:441–51. https://doi.org/10.1016/S1473-
3099(18)30052-5 PMID: 29395999
38. Balsells E, Dagan R, Yildirim I, Gounder PP, Steens A, Muñoz-Almagro C, et al. The relative invasive
disease potential of Streptococcus pneumoniae among children after PCV introduction: A systematic
review and meta-analysis. J Infect. 2018; 77:368–78. https://doi.org/10.1016/j.jinf.2018.06.004 PMID:
29964140
39. Rokney A, Ben-Shimol S, Korenman Z, Porat N, Gorodnitzky Z, Givon-Lavi N, et al. Emergence of
Streptococcus pneumoniae serotype 12F after sequential introduction of 7- and 13-valent vaccines,
Israel. Emerg Infect Dis. 2018; 24:453–61. https://doi.org/10.3201/eid2403.170769 PMID: 29460732
40. Deng X, Peirano G, Schillberg E, Mazzulli T, Gray-Owen SD, Wylie JL, et al. Whole-genome sequenc-
ing reveals the origin and rapid evolution of an emerging outbreak strain of Streptococcus pneumoniae
12F. Clin Infect Dis. 2016; 62:1126–32. https://doi.org/10.1093/cid/ciw050 PMID: 26908785
41. Golden AR, Adam HJ, Karlowsky JA, Baxter M, Nichol KA, Martin I, et al. Molecular characterization of
predominant Streptococcus pneumoniae serotypes causing invasive infections in Canada: the SAVE
study, 2011–15. J. J Antimicrob Chemother. 2018; 73:vii20–vii31. https://doi.org/10.1093/jac/dky157
PMID: 29982573
42. Rupp R, Hurley D, Grayson S, Li J, Nolan K, McFetridge RD, et al. A dose ranging study of 2 different
formulations of 15-valent pneumococcal conjugate vaccine (PCV15) in healthy infants. Hum Vaccin
Immunother. 2019; 15:549–59. https://doi.org/10.1080/21645515.2019.1568159 PMID: 30689507
43. Trial to evaluate the safety and immunogenicity of a 20-valent pneumococcal conjugate vaccine in
pneumococcal vaccine-naïve adults. ClinicalTrials.gov; 2018. Available from: https://clinicaltrials.gov/
ct2/show/NCT03760146.
44. del Amo E, Esteva C, Hernandez-Bou S, Galles C, Navarro M, Sauca G, et al. Serotypes and clonal
diversity of Streptococcus pneumoniae causing invasive disease in the era of PCV13 in Catalonia,
Spain. PLoS One. 2016; 11:e0151125. https://doi.org/10.1371/journal.pone.0151125 PMID: 26953887
45. Morales M, Ludwig G, Ercibengoa M, Esteva C, Sanchez-Encinales V, Alonso M, et al. Changes in the
serotype distribution of Streptococcus pneumoniae causing otitis media after PCV13 introduction in
Spain. PLoS One. 2018; 13:e0209048. https://doi.org/10.1371/journal.pone.0209048 PMID: 30562385
46. Olarte L, Kaplan SL, Barson WJ, Romero JR, Lin PL, Tan TQ, et al. Emergence of multidrug-resistant
pneumococcal serotype 35B among children in the United States. J Clin Microbiol. 2017; 55:724–34.
PMID: 27847379
47. Henriqus Normark B, Christensson B, Sandgren A, Noreen B, Sylvan S, Burman LG, et al. Clonal analy-
sis of Streptococcus pneumoniae nonsusceptible to penicillin at day-care centers with index cases, in a
region with low incidence of resistance: emergence of an invasive type 35B clone among carriers.
Microb Drug Resist. 2003; 9:337–44. https://doi.org/10.1089/107662903322762761 PMID: 15008138
48. Vila-corcoles A, Ochoa-gondar O, Diego C De, Satue E, Aragón M, Vila-rovira A, et al. Evaluating clini-
cal effectiveness of 13- valent pneumococcal conjugate vaccination against pneumonia among middle-
aged and older adults in Catalonia: results from the EPIVAC cohort study. BMC Infect Dis. 2018;196.
https://doi.org/10.1186/s12879-018-3096-7 PMID: 29699550
Serotype and clonal distribution of invasive pneumococcal strains after PCV13 introduction in Catalonia
PLOS ONE | https://doi.org/10.1371/journal.pone.0228612 February 6, 2020 16 / 16
